Esbaugh AJ, Walsh PJ. Identification of two glucocorticoid response elements in the promoter region of the ubiquitous isoform of glutamine synthetase in gulf toadfish, Opsanus beta. Am J Physiol Unlike most teleosts, gulf toadfish have the capacity to switch from ammoniotely to ureotely as the predominate means of nitrogen excretion during periods of stress. The switch to ureotely is a result of increased glutamine synthetase (GS) mRNA expression/enzyme activity in the liver and muscle, which is initiated by cortisol. Cortisol typically affects gene expression through the action of cortisol-activated transcription factors, such as glucocorticoid receptors, which bind to glucocorticoid response elements (GRE) in the upstream regulatory region of genes. The purpose of the present study was to identify the GRE responsible for increased GS gene expression during crowding/ confinement in gulf toadfish using an in vivo luciferase reporter assay. Upstream promoter regions for both the ubiquitous and gill GS isoforms were amplified by PCR. Additionally, an intron was amplified from the ubiquitous GS isoform that suggested the possibility of two discreet transcripts for the mitochondrial and cytoplasmic proteins. When tested via in vivo reporter assays, both the cytoplasmic and mitochondrial ubiquitous GS promoters showed increased luciferase activity during crowding vs. noncrowded controls; the gill GS promoter showed no effects in response to crowding. In silico analysis of the mitochondrial and cytoplasmic ubiquitous GS promoter constructs showed an overlapping section of 565 bp containing two potential GREs. Mutation of either site alone had no effect on luciferase activity vs. wild-type controls. However, when both sites were mutated a significant decrease in luciferase activity was observed. We conclude that two functional GREs combine to confer cortisol-inducible GS expression in the liver of gulf toadfish.
ALL ANIMALS PRODUCE AMMONIA during the deamination process of protein metabolism. However, due to its toxic nature, organisms must either quickly excrete or detoxify ammonia to maintain proper cellular and physiological function. This process is accomplished in a variety of ways in different organisms. The majority of aquatic organisms directly excrete ammonia into the environment (ammoniotely), while terrestrial animals first detoxify ammonia by converting it to either urea (ureotely) or uric acid (uricotely), which is subsequently excreted. While most fish species are ammoniotelic, there are a number of noteworthy exceptions including elasmobranchs (11) , the alkaline-lake-adapted tilapia (Oreochromis alcalicus grahami) (21, 34) , the Indian air-breathing catfish (Heteropneustes fossilis) (22) , and the gulf toadfish (Opsanus beta) (18, 19) , which are all ureotelic under certain circumstances. In addition, it appears that many teleost species may have the capacity for ureotely in early development (8, 10, 25, 35) .
One of the most well-studied ureotelic fish species is the gulf toadfish, which in the natural environment excrete slightly more than one-half of their nitrogen as urea, with the balance made up of ammonia (4, 5, 12) . In a laboratory setting, toadfish are slightly more ammoniotelic under control (uncrowded) conditions, but become nearly completely ureotelic under stressful conditions such as during laboratory confinement or crowding (for a review, see Ref. 33) . Although these animals contain a full compliment of ornithine-urea cycle enzymes, even under nonstressed conditions, they only become ureotelic (Ͼ50% nitrogenous waste as urea) when confined/crowded for at least 24 h. The main regulatory control point of this ammoniotely/ureotely switch is an increase in liver and muscle glutamine synthetase (GS) activity (13, 27, 31) , which is the enzyme responsible for converting ammonia and glutamate to glutamine. This is an important prerequisite step in urea production in lower vertebrates because the first enzyme in the ornithine-urea cycle is carbamoyl phosphate synthetase III, which uses glutamine as a substrate/nitrogen donor (2) . This is in contrast to the carbamoyl phosphate synthetase I enzyme found in higher vertebrates, which uses ammonia directly (1). When exposed to confinement/crowding, liver GS activity levels increase by two-to fivefold (13, 27, 28, 31, 32) , while the GS levels in muscle double (31) . Furthermore, the increase in liver GS activity is accompanied by increased GS protein and mRNA expression (14) , resulting from an acute cortisol spike during the first 2 h postconfinement/crowding (13) . When the cortisol spike is blocked by metyrapone, the levels of GS activity do not increase, suggesting an intimate link between cortisol and GS regulation in toadfish (13) .
There are currently three known GS isoforms in gulf toadfish, two cytoplasmic and one mitochondrial (30, 31) . Of the cytoplasmic isoforms, one is exclusively found in the gill, while the second, commonly referred to as the liver isoform owing to its initial cloning and enzyme purification from the liver (29, 30) , is found ubiquitously. In the present study, we refer to the GS gene that is expressed in most gulf toadfish tissues as the "ubiquitous" isoform. The mitochondrial GS isoform arises from the same gene as the ubiquitous cytoplasmic form (30) . It was suggested that this occurred via differential translation of the same gene transcript, mainly due to the presence of a single dominant band on Northern blots from toadfish liver mRNA (30) . Interestingly, the cortisol-induced increase in GS activity in the liver/muscle is specific to the cytoplasmic fraction, with no change in mitochondrial GS activity in either tissue (31) . As such, the mechanism by which cortisol controls GS activity in the liver/muscle acts solely on cytoplasmic GS, either via differential translation of a single transcript or via differential transcription of distinct transcripts.
In fish, cortisol typically affects gene expression through the action of two primary receptors, glucocorticoid and mineralocorticoid receptors, both of which are ligand-activated transcription factors (for a review, see Ref. 7) . In general, mineralocorticoids are involved in mineral homeostasis, while GRs can have a wide range of functions (9) . When bound by cortisol both receptor types move into the nucleus where they interact with specific DNA motifs resulting in altered gene expression. The specific DNA motifs bound by both the activated glucocorticoid and mineralocorticoid receptor are referred to as glucocorticoid response elements (GRE). The consensus GRE sequence is a 15-bp palindromic motif, AGAACA nnn TGT-TCT (6); however, the described binding sites to date are often imperfect palindromes (3, 20) . On this background, the present study was undertaken to examine the hypothesis that the cortisol-mediated increase in liver GS activity/mRNA expression resulting from crowding/confinement was due to the presence of a functional GRE motif in the promoter region of the ubiquitous GS isoform gene.
MATERIALS AND METHODS
Experimental animals. Gulf toadfish (n ϭ 37, 60 -180 g) were obtained commercially from the Gulf Specimen Marine Lab in Panacea, FL from a local Gulf of Mexico population. Experiments were conducted under a protocol (#BL-206) approved by the University of Ottawa's Animal Care Committee. Prior to transferring animals to the holding tanks at the University of Ottawa, the fish were dipped in "freshwater" (10 liters water plus 250 ml seawater) for 3 min, followed by a dip in formaldehyde (15 mg/l) for 2 h to prevent infection by the ciliate Cryptocaryon irritans. The fish (2-4 individuals) were then placed in 20-liter holding tanks (Aquatic Eco-Systems) with aerated recirculating artificial seawater (Instant Ocean, Aquarium Systems) and allowed to acclimate for 2 wk prior to experimentation. The room temperature was maintained at 24°C and kept on a 12-h photoperiod. Fish were fed with frozen shrimp or squid twice a week, with food being withheld for 48 h prior to experimentation. Control fish were maintained in the holding tanks, with two individuals per tank, while crowded fish were moved to 3-to 4-liter aerated tanks (6 individuals per tank) and maintained for 48 h to induce ureotely (27, 32) . Prior to sampling, all fish were euthanized by a lethal dose (1 g/l) of 3-aminobenezoic acid ethyl ester (MS-222; Sigma) buffered with sodium bicarbonate (2 g/l). Samples intended for GS assays or DNA isolation were frozen immediately in liquid nitrogen and stored at Ϫ80°C until use. Treatment of luciferase reporter assay samples is described below.
GS assay. Tissue GS activity was assessed using the GS transferase assay as applied to toadfish (29) . Tissue samples were homogenized using a motor-driven tissue homogenizer (Fisher) in 5 volumes of 50 mM HEPES, pH 7.4, and cleared by centrifugation at 13,000 g. The supernatant was removed and subsequently assayed at 540 nm using a Spectramax plus 384 plate spectrophotometer (Molecular Devices).
Molecular biology. Toadfish genomic DNA was isolated from liver samples using the standard phenol/chloroform method. The upstream promoter regions for both the liver and gill GS isoforms were determined by PCR using the Genomewalker kit (Clontech). All methods were performed as described by the manufacturer. The procedure was repeated until at least 1.5 kb upstream of the translation start site were identified. The final promoter construct sequences for both the ubiquitous and gill GS were then amplified by PCR from liver DNA using the primers denoted in Table 1 . Additionally, intron 1 from the ubiquitous GS gene was amplified using the primers Intron-F and Intron-R reverse (Table 1) , which was used to generate a construct specific for the cytoplasmic ubiquitous GS isoform. All PCR products were ligated into the pDrive vector (Qiagen), transformed into DH5␣ Escherichia coli cells (Invitrogen) and sequenced.
To generate luciferase reporter assay constructs cytoplasmic and mitochondrial ubiquitous GS and gill GS promoter sequences were subcloned into the luciferase vector pGL-4.10 (Promega). To do this, BglII restriction sites were added to either side of the promoter construct inserts via PCR, and ligated into the pDrive vector. The resulting plasmids were subsequently digested with BglII (Fermentas), and the resulting product was ligated into linearized pGL-4.10 using T4 ligase (Fermentas). The same procedure was used to generate truncated liver mitochondrial promoter constructs. A site-directed mutagenesis kit (Stratagene) was used to mutate the liver mitochondrial promoter construct. All methods were carried out according to the manufacturer specifications, with the exception that plasmids were transformed into DH5␣ E. coli cells (Invitrogen). All resulting plasmids were sequenced prior to experimental use. Approximately 0.5-1 mg of each plasmid construct, including the renilla luciferase control pGL-4.75 plasmid (Promega), was isolated using a maxi-prep kit (Qiagen) with all procedures performed according to manufacturer specifications.
In silico promoter analysis. The promoter constructs for the ubiquitous GS cytoplasmic and mitochondrial isoforms, as well as the gill GS isoform, were analyzed for transcription factor binding sites using the online Transcription Element Search System (http://www.cbil. upenn.edu/cgi-bin/tess/tess). This search system was adept at identifying GRE half sites (i.e., AGAACA). Each individual half site was subsequently evaluated manually for the consensus imperfect palindrome motif common to vertebrate GREs. During manual evaluation, greater weight was given to sites where the internal 3 bp of each half site were palindromic and were imperfect within the outer 3 bp. This was based on previous data concerning the effects of varying DNA motifs on glucocorticoid affinity constants (20) .
In vivo reporter assay. The in vivo reporter assay procedure was performed as previously described for killifish (24) . Briefly, 40 g of experimental plasmid and 5 g control plasmid were diluted in 0.9% NaCl saline to a final volume of 40 l. Tempera paint (2% final concentration) was also included to help visualize the site of injection. The control pGL-4.75 control construct contained a cytomegalovirus promoter attached to renilla luciferase protein, and was used to normalize transfection efficiency. Fish were anaesthetized using 0.4 g/l MS-222, after which a small incision (1 cm) was made in the peritoneal cavity to expose the liver. With the use of a 50-l Hamilton syringe (28-gauge needle) plasmids were injected directly into discreet areas of the liver with the tempera paint serving as both a marker of successful injection and of where the construct was injected. In the Table 1 . full construct and truncation experiments, all three plasmid constructs were injected into different areas of a single liver. For the mutation experiments, two of the four constructs (3 mutants, 1 control) were injected into different areas of a single liver. The incision was then closed, and the fish were placed in either crowded or control conditions to recover. After 48 h, fish were euthanized as described above and samples were excised from the liver, including a noninjected portion of the liver for determinations of background luminescence. Samples were immediately homogenized in 4 volumes of passive lysis buffer (Promega) using a motor-driven tissue homogenizer (Fisher). The resulting homogenate was cleared by centrifugation at 13,000 g and frozen at Ϫ20°C for 24 h prior to assay. Samples were assayed by using the Dual Luciferase Assay System (Promega) and an LMax-II luminometer (Molecular Devices). The assay procedure was performed according to manufacturer specifications and expressed as relative firefly/renilla luciferase units. Statistics. Differences within tissue in GS activity between crowded and control fish were analyzed using a Student's unpaired t-test. Luciferase experiments were analyzed using a one-way ANOVA. Where significant variation was detected, a Fisher's protected least significance post hoc test was used. In cases where data did not fit a normal distribution, an ANOVA on ranks was used, followed by a Dunn's multiple comparisons post hoc procedure. In all cases the fiducial level of significance was 5%.
RESULTS
Sequence analysis. 5Ј flanking DNA sequences for both the ubiquitous (1,484 bp) and gill (2,243 bp) GS isoforms were successfully obtained from gulf toadfish ( Figs. 1 and 2 ). Both flanking regions contained TATA-box basal promoters, located at Ϫ35 bp and Ϫ288 bp relative to the translational start site for the ubiquitous and gill GS genes, respectively. Additionally, an intron separating the ubiquitous GS mitochondrial signal peptide and the coding protein sequence was identified ( Figs. 1 and  3) . Interestingly, this intron also contained a TATA-box basal promoter, which suggested that the ubiquitous cytoplasmic and mitochondrial GS isoforms may be differentially regulated at the mRNA level.
An in silico analysis of the ubiquitous GS promoter/intron was performed using the transcription element search system. This analysis revealed multiple GRE half sites within the DNA sequences for both the ubiquitous and gill GS promoters/intron ( Figs. 1 and 2) . Further examination of these half sites revealed that only two particular sites in the ubiquitous GS promoter conformed to an imperfect palindrome motif that constitutes most functional GRE sequences ( Figs. 1 and 3) . These sequences were found at Ϫ565 and Ϫ184 based on the mitochondrial ubiquitous GS translational start site, and as such are designated GRE-565 and GRE-184. Notably, both potential GRE sites could affect transcription rates based on both the mitochondrial and cytoplasmic GS isoform start sites. No imperfect palindrome motifs were identified in the gill GS promoter sequence (Fig. 2 ). As such, reporter assay constructs for both the mitochondrial and cytoplasmic translational start site were designed ( Fig. 3) , as well as a gill GS promoter construct, which was used as a noncortisol-induced control.
In vivo reporter assay. The hypothesis that one, or both, of GRE-184/GRE-565 was responsible for the transcriptional upregulation of ubiquitous GS in response to crowding was tested using an in vivo reporter assay technique (24) . Preliminary experiments were first carried out to ensure that gulf toadfish housed at the University of Ottawa acted in a typical fashion in regard to crowding. As expected, 48 h of crowding caused a threefold increase in GS enzyme activity in the liver, while activity in the brain and gill remained unchanged vs. noncrowded controls (Fig. 4) . No significant differences between the three reporter constructs were found under noncrowded conditions, although a trend toward higher relative luciferase activity was observed for the mitochondrial GS promoter construct (Fig. 5 ). Under crowded conditions, however, there was a significant increase in relative luciferase activity for both the mitochondrial and cytoplasmic ubiquitous GS constructs vs. noncrowded controls. As expected, the gill GS construct did not significantly increase with crowding, although there was a trend toward increased relative luciferase activity (ANOVA paired least significance difference test, P ϭ 0.08).
A second series of experiments tested the luciferase activity of truncated and mutated mitochondrial ubiquitous GS reporter constructs under crowded conditions. Three truncated mitochondrial GS reporter constructs were designed and injected ( Fig. 3) ; however, there were no significant differences in relative luciferase activity between the constructs under crowded conditions (ANOVA, P ϭ 0.082; data not shown). Three mutant constructs were then designed, which mutated either GRE-184, GRE-565, or both ( Table 2) . When the relative luciferase activity of these constructs was tested under crowded conditions, neither the mutant GRE-184 nor GRE-565 differed from the wild-type construct (Fig. 6) . In contrast, the double-mutant construct did show a significant decrease in relative luciferase activity vs. wild-type controls under crowded conditions (Fig. 6 ).
DISCUSSION
It is well-documented that the switch from ammoniotely to ureotely in the gulf toadfish is the result of a cortisol-induced increase in GS gene expression in the liver and muscle (13, 27, 31) . The present study has added to this paradigm by conclusively showing the presence of two functional GRE sequences in the upstream promoter region of the ubiquitous GS isoform, which combine to confer cortisol-inducible gene expression in response to crowding/confinement. The current model for the ureotelic switch in gulf toadfish holds that GS activity in the liver and muscle increases in response to a cortisol surge at 2-h postcrowding/confinement (13) . The GS isoform found in both the muscle and liver of toadfish is the ubiquitous GS isoform, as opposed to the gill-specific GS isoform (31) . Interestingly, the ubiquitous GS isoform is found in both the cytoplasm and the mitochondria, with the mitochondrial localization owing to a mitochondrial signal peptide found on the NH 2 -terminal end of the translated protein (30) . Furthermore, the increase in GS activity in the liver/muscle due to crowding/confinement is primarily cytoplasmic, while the majority of activity under normal conditions is mitochondrial (31) . To date, the difference in subcellular localization was thought to be due to differential translation of a single mRNA transcript, with one protein containing the signal peptide and the other arising from a start codon immediately following the signal peptide (30) . The presence of an intron between the two start codons that contains a basal promoter (TATA-box; Figs. 1 and 3) leads to the alternate hypothesis that the two proteins may have distinct transcriptional origins. TATA-box basal promoters bind the TATA-box binding protein and, subsequently, RNA polymerase, and are typically located 28 -34 bp upstream of the transcriptional start site (23) . Although the presence of this promoter alone does not constitute evidence of differential transcription, it is interesting to note that previous studies have shown the presence of two GS transcripts in the brain of gulf toadfish via Northern blot analysis (30) , albeit with one transcript far more prevalent. Furthermore, the difference in size between the two transcripts was ϳ200 bp, which is the approximate difference in transcript size estimated from the location of the cytoplasmic TATA-box, with the cytoplasmic GS transcript being larger. If there are, in fact, distinct transcripts for the two GS isoforms, it would not be surprising that one transcript would dominate expression, as the cytoplasmic protein dominates in all tissues except the liver under control conditions (31) .
The concept that a single GS gene can give rise to two distinct transcripts that code for the cytoplasmic and mitochondrial isoforms is not unique to gulf toadfish. In the ureosmotic elasmobranch species Squalus acanthias, tissue-specific alternative splicing occurs in which an exon is added to the GS transcripts in the liver (15, 16) . This alternative splicing adds a mitochondrial signal peptide to the transcripts in urea-producing tissues, while nonurea-producing tissues contain the typical cytoplasmic transcript (16) . Although this mechanism differs from that proposed for the gulf toadfish, in that gulf toadfish use alternative initiation as opposed to alternative splicing, the net result would be the same. In theory, the gulf toadfish mechanism seems far more intuitive, as all that would be necessary are tissue-specific gene enhancer sites in either the upstream promoter region, or intron 1, to control the subcellular localization of GS. Unfortunately, the mechanisms of tissue-specific gene enhancers are still not clearly understood. For example, a genome-wide bioinformatic analysis was unable to identify any specific regulatory factor affecting liver gene expression in mammals (26) . Nonetheless, the possibility of distinct transcripts for the mitochondrial and cytoplasmic GS isoforms in gulf toadfish leads to the testable hypothesis of differential regulation by cortisol, as only the cytoplasmic protein increases in response to confinement/crowding in the liver/muscle (31) .
When the promoter regions (ϳ1.5 kb upstream of the start codon) of both the cytoplasmic and mitochondrial ubiquitous GS isoforms were examined, a number of GRE half sites were recognized ( Fig. 1) . However, only two sites conformed to the imperfect palindrome motif that is common to functional GREs (7) , located at Ϫ565 and Ϫ184 bp, respectively. Since both sites fell within working range of the transcriptional initiation sites for the cytoplasmic and mitochondrial transcripts, luciferase reporter assay plasmid constructs were designed for both ( Fig. 3) . Additionally, a construct of the gill GS promoter region was designed as a negative control for cortisol induction, as it contained no consensus GRE sequence. Detectable levels of luciferase activity (a marker of protein expression) were obtained for all three constructs (Fig. 5) , with the maximal levels of luciferase activity obtained from the mitochondrial construct under crowded conditions (0.082 Ϯ 0.01). This showed that the plasmid constructs were taken up into the liver cells following injection. Furthermore, the levels of luciferase activity obtained correspond with those obtained by Schulte et al. (24) using the same technique. Interestingly, the luciferase activity originating from both the ubiquitous mitochondrial and cytoplasmic constructs increased during crowding (Fig. 5) ; the luciferase activity originating from the gill GS promoter construct did not change with crowding. These results are interesting for several reasons. First, the cytoplasmic protein was not preferentially increased during crowding, with crowding-induced increases in mean luciferase activity of 0.058 and 0.047 rlu for the mitochondrial and cytoplasmic constructs, respectively (Fig.  5 ). This is contrary to expectation, since only cytoplasmic GS activity has been shown to increase in response to crowding (31) . It is possible that a factor within intron 1, or elsewhere, could lead to selective transcription of the cytoplasmic isoform over the mitochondrial isoform when both start sites are available. Unfortunately, this could not be tested in the present study system. It is also possible that the translated GS protein during crowding/confinement is destined for the mitochondria, and, in previous studies, the GS protein simply had yet to be transported to the mitochondria, since increases in cytoplasmic GS activity and not specific cytoplasmic isoform protein were measured. Finally, these results may also indicate that both mitochondrial and cytoplasmic GS are translated from the same mRNA transcript. Further study is clearly needed to address these questions.
A second point of interest with these results stems from the lack of protein induction resulting from the gill GS isoform promoter construct (Fig. 5 ). Although this construct was originally designed as a negative control construct, a recent study has raised the possibility that gill GS activity does increase during confinement (17) . In that study, the levels of gill GS activity increased after 7 days of confinement. Furthermore, the levels of gill GS mRNA increased by twofold after 48 h of cortisol infusion. Although superficially the two studies would seem to be contradictory, it is likely a product of the different confinement/crowding durations used. Although 48 h of cortisol infusion did result in increased mRNA expression in the previous study, no increase in GS activity was detected (17) . The method used in the present study uses a marker of protein expression, and as such, it seems probable that a cortisolinduced increase in mRNA may occur at 48 h, but is not manifested as protein until later. It should be noted, however, that no potential GRE sites are obvious in the gill GS promoter sequence. It does remain possible that one of the GRE half sites could infer cortisol-induced expression, but the current data would suggest that any induction would likely arise at a later time point. It should also be noted that previous reports have also failed to observe an increase in gill GS activity in response to crowding (31), and thus it is possible the findings of McDonald et al. (17) 
may represent differences between populations.
A second series of experiments was performed to test the hypothesis that one of the two predicted GRE motifs was directly responsible for the crowding-induced gene expression. Three truncated mitochondrial GS promoter constructs were designed (Fig. 3) , the first of which contained both GRE-565 and GRE-184, while the second and third contained only GRE-184. These three truncated constructs showed no significant difference in activity (data not shown), suggesting that GRE-184 was the site responsible for conferring cortisolinducible gene expression. This hypothesis was supported by initial mutagenesis experiments, which altered the sequence of GRE-565 from the wild-type sequence ( Table 2) with no subsequent effect on luciferase activity (Fig. 6 ). Interestingly, a mutation of GRE-184 (Table 2 ) also showed no effect on luciferase activity (Fig. 6) . A decrease in luciferase activity was observed, however, when both GRE-565 and GRE-184 were mutated (Fig. 6 ), which suggests that both sequences have the ability to confer cortisol-inducible gene expression. It is unclear why two functional GRE sites in the promoter region of the ubiquitous GS gene are necessary, as there was no apparent benefit for two such sites based on the work in the present study (i.e., no increased luciferase activity with both sites vs. one). However, it should be noted that the these experiments were performed using conservative time durations for GS induction, as previous experiments have shown that toadfish GS can significantly increase in under 24 h (28). It seems likely that there is a benefit to having two GRE sites (i.e., faster protein induction), which would only be detectable at a earlier time point.
Perspectives and Significance
The present study examined the cellular mechanisms by which the ubiquitous cytoplasmic GS isoform is upregulated in response to crowding/confinement in the gulf toadfish. These results show that the previously documented cortisol-induced gene expression that occurs in response to crowding is the result of the cooperative function of two GRE motifs in the upstream promoter region of the ubiquitous GS gene and that elimination of these sites via site-directed mutagenesis prevents crowding-induced gene expression. These findings, taken together with previous work, show a tightly controlled cortisolmediated gene expression mechanism for GS in the liver and muscle of gulf toadfish. This mechanism is paramount to the switch from ammoniotely to ureotely in response to crowding/ confinement. Furthermore, the discovery of an intron with promoter characteristics between the start codons of the mitochondrial and cytoplasmic ubiquitous GS isoforms, suggests the possibility of differential transcriptional regulation of the two isoforms, which is in contrast to previous hypotheses. Future work should attempt to verify the presence of multiple transcripts and their individual responses to crowding/confinement, as well as discover the exact mechanisms by which the two GRE motifs described in the present study are able to act solely on the cytoplasmic transcriptional initiation site.
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